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Abstract 
A series of studies about the rule of crack propagation and the process of instability in bump-prone coal sample have been carried 
out by using scanning electron microscope (SEM), image of surface fracture morphology and the numerical method. The results 
of three-point bending experiment show that the crack is mainly the tear-type crack under quasi-static loading and can be 
analyzed with the mode I crack theory. The paper deduced the critical length derived from static to dynamic stage based on 
fracture and damage mechanics theory and introduced the cohesive element. With the cohesive force model of three-point 
bending notched beam of the sample, the process of the initiation and propagation of crack by using ABAQUS finite element 
software. This study discussed the energy variety in the whole process, and it is coincide with the experimental results. 
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1. Introduction 
The outburst disaster taken place in the process of coal mining can be regarded as an instability phenomenon 
caused by rapid crack nucleation, leaking, and expansion under the effect of external factors. The cracks are 
secondary cracks in the vicinity of coal and rock wall produced by local stress concentration resulted from the 
exploitation of coal or rock [1]. Previous studies have demonstrated that stage of the breakdown of coal is one of the 
critical stages during the instability of coal bump, the physical point under the extrusion of surrounding coal which 
first has the fracture type and deformation along the radial direction and finally forms a number of shear crack (that 
is mode I crack) parallel to the exposed surface. At the same time, the fracture of the Coal and rock fracture can be 
considered as a dynamic process of internal micro-cracks propagation, bifurcation and instability, crack bifurcation 
is closed related with the instability of the system and the unlimited number of crack after bifurcation will lead to the 
whole system instability. Therefore, the Analysis of the process of crack production, extension and instability under 
quasi-static loading in bump-prone coal sample, the study of dynamic crack unsteady expansion law of coal and 
rock ruder different load, and the research of relationship between the law of energy variety about crack evolution of 
rock and coal materials can provide a theoretical basis for the dynamic expansion mechanism of mode crack I in 
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bump-prone coal samples[2,3]. 
The method which combined experimental and numerical was often used to resolve the issue of crack 
propagation and dissemination. With the scanning electron microscope (SEM) and CT equipment being used widely 
in rock mechanics experiment, the crack propagation, bifurcation, and micro-mechanical behavior of coal and rock-
like materials have been studied deeply during the destruction process[45]. In reference [6] the micro component 
shape and structure character of coal sample were analyzed, the relationship of loading-displacement obtained, and 
crack damage extension micro-mechanism of outburst proneness coal seam explained. In reference [7] the multiple-
spark camera and dynamic loading system combined with three-point bending testing system were adopted, the 
process of crack growth and the instability of crack growth in bump-prone coal was monitored. The numerical 
model used to describe the crack behavior of the concrete, rock and other quasi-brittle materials are divided into two 
major categories: discrete crack model[8] and smeared crack model [9,10]. But the two models are sensitive to mesh in 
some degree. Hillerborg[11] proposed the cohesion model which overcame the mesh sensitivity and was used to 
model problem such as cavity formation and crack extension[12]. 
There are few studies both at home and abroad concerning crack process analysis and simulation of coal and rock 
because of the heterogeneity, and the variation of energy was disused fewer in the crack extension.  
This paper studies the process of crack initiation and expansion characteristics of coal sample under quasi-static 
load and analyzes the law of energy variety in fracture process by using the simulation method.  
2. The experiment 
2.1.  Experimental method and samples  
The coal samples are from No.2337 working face in 12-1# coal seam, Zhaogezhuang mine, Kailuang Mining 
Group. The coal seam has been proved to be with high liability to bump. The geometry and dimensions of the test 
sample is shown in Fig. 1, the sample is loaded by applying a velocity that increases linearly from 0 to 0.5mm/min 
at the center of the specimen. 
 
Fig.1. Schematic diagram of three-point bending notched beam of the sample 
2.2.  Results and discussion 
The processes of crack extension of sample from loading to collapsing are shown in Fig.2.  
 
    
Fig.2. Crack extension of coal sample in loading process (a) Loading begin, (b) Initiation of Crack, (c) Propagation of crack, (d) the specimen 
failure 
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The load-stroke relationship of coal sample in the whole loading described in Fig.3 indicates an obvious linear 
elastic stage and strengthening stage. At the peak load point, cracks appeared in large numbers and a main crack 
formed, then began to grow rapidly until fracture finally. 
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Fig. 3. The load-stroke relationship of coal sample 
The process of crack generation, extension and failure of the test sample is a process of energy dissipation and 
release. Energy variety in the whole loading process is shown in Fig.4. Before the peak load the energy done by 
external force made into the elastic energy EU  and plastic deformation energy pU and the free energy SU needed to 
increase the free surface, after the peak load the elastic energy released and caused the free energy and kinetic 
energy KU increased. The energy done by external force W Fds= ∫ can be calculated with the load-displacement 
curve. 
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Fig .4. The system energy variety in loading process 
3. Theoretical formulations 
3.1.  The critical crack width of material instability 
The fracture problem is divided into three types in accordance with its power and crack growth path. Three-point 
being test is a typical problem of I-type fracture, and the theory prototype is the penetration crack extension problem 
of the limited width of the expansion board, therefore the mode crack Ⅰ in plane stress can be used as its theoretical 
basis. And taking into account the heterogeneity of coal and rock material the damage variable is adopted when 
calculating the critical crack width. 
Take out any one RAV of the specimen based on the assumption that the infinitesimal body size large enough to 
contain many micro-cracks and micro-hole and at the same time small enough consider as a particle in continuum 
damage mechanics(Fig.5), So the specimen can be considered as composed of many micro-element. 
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Fig. 5. RAV diagram of three-bending samples 
 Taking into account the damage variable D and using cD for the critical value of crack initiation threshold, the 
change range of cD  is from 0 to 1 and usually between 0.2 and 0.5[13]. Using the equivalent strain assumption, the 
equivalent elastic modulus of the micro-element cE  when the crack beginning to propagation, and cE can be 
obtained by the equation )1(0 cc DEE −=  where E0 is the initial elastic modulus. In this paper the change of 
Poisson’s ratio is ignored and still using the initial value. 
The plate-type objects of mode crack I under tensile stress and in small-scale yielding condition, the crack tip will 
form a small plastic zone when the stress reached the yield limit of material sσ (Fig.6), the effective crack length 
can be characterized by the following general relationship 0 yl a r= + , where 0a  is the initial crack half-length and 
yr is the distance form plastic zone boundary to crack tip, 0b is the crack width corresponding to the initial crack 
center. 
piθ =
l
 
Fig. 6. The crack tip opening displacement CTOD[14] 
When the crack tip extended from the point “o” to the point “o’” the original crack tip opening displacement 
CTOD (δ ) is defined as: 
 
I sin [ ( )cos ]2
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= − +                                                                (1) 
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 Where IK is stress intensity factor, µ  is Poisson’s ratio, sσ is material yield limit. In the critical conditions, 
2I1( )( )
4 2y s
K
r σpi
= , I IcK K= , piθ = , and IcK  is the fracture toughness under stress condition and the 
crack opening width get the max cδ : 
I c
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s c
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δ
pi σ
=                                                                                     (2) 
 
For the three-bending specimen, the stress intensity factor is calculated by using the boundary value method [14] 
I ( )03
2
aPsK F
h4th
=                                                                             (3) 
Where s is the distance between the support, 0( )aF
h
is the function of semi-crack length and the width, 
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                            (4) 
The width of crack tip cδ  of the three-point bending test by combining the equation (2) with the equation (3)  
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                                                        (5) 
 
When the crack tip opening displacement cδδ > , the crack will begin to extend unsteadily, and the critical 
instability crack length cl  can be defined as: 
/( )c 0 cl ab l δ= −                                                                          (6) 
3.2.  Fundamental theory of Cohesive Elements Model in interface 
Due to the fact that the stress at the tip of a crack in a brittle material is singular and infinite, which is known as 
physically unrealistic, the alternative approaches have been formulated more recently, such as the cohesive zone 
models proposed by Dugdale and Barenblatt[15]. The cohesive zone model is originally applied to concrete and 
cementitious composites and interface fracture. It is assumed that ahead of the physical crack tip, there is a cohesive 
zone which consists of upper and lower surfaces held by the cohesive traction. The cohesive traction is related to the 
separation displacement between the two surfaces. The relationship of cohesive traction and the separation 
displacement can be called as “cohesive law” or “Traction-separation law”. When applied loads to the models, the 
upper and lower surfaces separate gradually, after the separation of these surfaces at edges of the cohesive zone 
model reaches a critical value, the separation of the two surfaces leads to the crack growth. 
Generally, for crack model I cohesive zone models only contain opening mode fracture, the relationship between 
the cohesive traction and the separation displacement could be expressed as: 
c
c
f δσ σ δ
 
=  
 
                                                                            
(7)
 
Where, cσ  is the peak traction, cδ is a characteristic separation displacement, f is a dimensionless function 
which relate to the shape of the cohesive traction-separation displacement curve. 
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However, more complicated cohesive zone models which can accurately simulate real material behavior make 
problem solutions more difficult. There is one shortcoming [16] when using cohesive zone models, and that is one 
needs to predict the direction that cracks prefer to grow, such as occurs when cracks grow at material interfaces.  
Cohesive zone models recently could be founded by using the finite element code ABAQUS to predict crack 
growth.  
4. Numerical simulation tests 
4.1. Numerical modeling  
In this paper the ABAQUS numerical modeling software was used to simulate the process of the crack extension. 
The finite element mesh contains 45000 Linear hexahedral elements of type C3D8R and 500 Linear hexahedral 
elements of type COH3D8 (Fig.7). The center zone of the bunt used the cohesive element whose thickness is 0 and 
others used the concrete plastic damage constitutive. The boundary condition and loading speed and time are fully in 
accordance with the test process. The Riks method is used in Abaqus/Standard since the behavior of the beam is 
quite unstable when cracking progresses. 
 
Fig. 7. Diagram of grid generation of numerical model 
4.2. Numerical simulation results and analysis 
Fig .8 shows the curve of crack width and time. As can be seen from figure that crack began to appear when 
loading time was 8s and at this time the vertical displacement of load point is about 0.07mm, then crack extend 
rapidly and the specimen failure quickly. 
 
Fig. 8. The curve of crack width and time 
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 The energy-time curve of whole system is shown in Fig.9, ALLWK is external work available only for the whole 
model, ALLIE is Total strain energy, ALLKE is kinetic energy and ALLSE is recoverable strain energy. Before the 
crack initiation ALLIE and ALLSE increased at the same time with loading increased, and two curves is coincided 
well, only when the curve reached its peak the curve separated because of the energy dissipation such as plastic 
energy, damage energy and surface energy, etc. This explains well most of the external energy is changed into 
recoverable strain energy before crack initial. With the load increasing further, the stress in lower end of specimen 
exceeded the tensile strength of coal, and a large number of micro-cracks began to expand, and at the same the 
elastic energy stored previously released violently and kinetic energy increased sharply, finally the kinetic energy 
began to reduce to the destruction of the sample. Here a good explanation is given for the reason why the process of 
sample failure is short and sudden. 
 
Fig. 9. The change curve of system energy and time 
The numerical results show that: the curve of crack width over time is coincide with the experimental results, and 
the energy changes in the entire process of crack propagation can be analyzed quantitatively, the numerical 
simulation provides a new means to analyze the process of crack growth. 
5. Conclusions 
1) Experimental and numerical simulation results show that it is the extension of the original defects in the coal 
under the conditions of quasi-station load, and the crack is mostly tensional fracture and contains many fractures, the 
process of crack growth bifurcation is smaller and the extending path is straight overall. 
2) The process of crack extension contains two stages which is defined as expansion stability and expansion 
instability stage, respectively.  The crack extension began to instability process after the crack length is longer than 
the critical length. And the critical length has the relationship with the material yield limit, the initial elastic 
modulus, the load and with the damage variable of material in Meso-scale. And this will get a good explanation of 
the discreteness of load-displacement curve for different samples. 
3) The whole loading process is the process of energy accumulation and energy dissipation. In the early loading, it 
is the accumulation of elastic energy and the energy dissipation consisting irreversible plastic energy and surface 
energy for providing of new surface, and this stage is the crack extension stability. But when the elastic energy 
accumulated is greater than the fracture energy required to expand, it will enter the stage of crack instability, and the 
crack will develop in rapid speed and kinetic energy will increase in a short time. The numerical results show that: 
by using the numerical method we can analyze the damage energy, friction energy and plastic energy in the process 
of crack extending, and they can be quantified, Which will provide a basis for quantitative analysis for the law of 
energy in process of crack propagation. 
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